Aims Previously published diagnostic systems, based on ECG analysis and clinical parameters (Schwartz criteria and Keating criteria), have been used to estimate the probability of inherited long QT syndrome (LQTS). Nowadays, a certain diagnosis can often be made by DNA testing. We aimed to establish the predictive power of the Schwartz and Keating criteria, using DNA testing as a reference, and to determine the best diagnostic strategy.
Introduction
The congenital long QT syndrome (LQTS) is a primary inherited cardiac arrhythmia syndrome that may cause syncope and sudden death. A recent estimate of its prevalence is 1:2000. 1 Patients are identified by a prolonged QT-interval on the ECG, often after typical complaints such as dizziness, syncope, or cardiac arrest. The usual mode of inheritance is autosomal dominant, with the exception of the autosomal recessive Jervell-Lange-Nielsen type. 2, 3 The various types of LQTS are associated with mutations in genes encoding distinct cardiac ion channels. 4 By far, the most common types are LQT1, LQT2, and LQT3, accounting for 85% of all genotyped congenital LQTS cases. 4 Timely (often presymptomatic) identification of disease carriers is highly relevant, because preventive measures and therapies effectively avert sudden death. 5 After the first description of LQTS in 1957 2 , at a time when the underlying mechanism was unclear, it became obvious that ECG characteristics within families may be variable, thereby confounding the diagnostic process. In 1985, a first set of diagnostic criteria were formulated by Schwartz. 6 These criteria were updated in 1993 by Schwartz et al., 7 implementing experience with sex-related differences in QTc prolongation, the recognition of additional ECG abnormalities, and the first results of linkage analysis, which suggested genetic heterogeneity. Hence, these criteria include various ECG characteristics and the clinical and family history ( Table 1 ) and allow for an estimation of the probability of LQTS. Nowadays, however, with the emergence of molecular genetic testing in clinical practice, 8 certain LQTS can be diagnosed when a disease-causing mutation is identified. Although DNA testing reveals mutations and confirms the diagnosis in 70% of probands, it identifies all carriers among relatives of mutation-positive probands who are tested subsequently. Accordingly, in these relatives, DNA testing can be used to establish the predictive power (sensitivity and specificity) of existing diagnostic criteria, such as the Schwartz and Keating criteria.
Moreover, the predictive power of new diagnostic criteria may be analysed. Importantly, it is our experience that referring physicians use these diagnostic criteria as a screening method among relatives to decide in whom further analysis and DNA testing should be conducted. Therefore, these criteria should have a high sensitivity (i.e. LQTS should not be missed). Conversely, a high specificity is less crucial; a certain diagnosis is provided by DNA testing, anyway, thus false positives can be ruled out. In this study, using mutation analysis in relatives of mutation-positive probands with the most prevalent LQTS types, we analysed the predictive power of widely used diagnostic criteria of Schwartz et al. 7 and Keating et al. 9 and explored which diagnostic criteria are most useful in this era of molecular genetics.
Methods

Study population
To calculate the predictive power of the diagnostic criteria, we studied relatives of LQTS probands with a known disease-causing mutation. These relatives were included as follows. We studied all genotyped LQT1, LQT2, and LQT3 families, who were counselled at the outpatient Cardiogenetics Clinics of the Academic Medical Center, Amsterdam, The Netherlands or the Department of Cardiology at Ludwig-Maximilians University Clinic Grosshadern, München, Germany in the period 1996-2005. Accordingly, molecular genetic analysis revealed 102 unrelated LQTS probands with genetic aberrance in the associated genes (KCNQ1, KCNH2, and SCN5A, respectively). We first excluded three probands with more than one mutation (compound heterozygotes). The remaining 99 probands (KCNQ1: n ¼ 33, KCNH2: n ¼ 52, and SCN5A: n ¼ 14) had 648 relatives, of whom we excluded children under the age of 10 years (n ¼ 103) because of the age-dependence of QTc in young children and the fact that QTc correction methods used in adults may not be applicable to children. 10, 11 Moreover, we excluded individuals who used QT-prolonging drugs (n ¼ 2), individuals of whom an ECG was not available (n ¼ 29), and one individual with a left bundle branch block. Thus, the study cohort consisted of 513 relatives (249 males and 264 females), related (mainly in the first and second degrees) to 77 different probands, with a median number of relatives per family of 4 [interquartile range (IQR) 5]. Subsequent molecular genetic analysis among these 513 individuals revealed 208 mutation carriers ( Table 2 ). This study was performed in accordance with the Declaration of Helsinki and with written, informed consent of all patients.
Schwartz criteria ECG analysis
QTc duration (Bazett) was first calculated from the average values of three cycles in lead II or lead V5. However, as we found that mean QTc values, measured in the 513 relatives, were similar in leads II and V5 (423.9 + 43.7 and 423.8 + 42.5 ms, respectively), we used only mean QTc in V5 for analysis. Specific T wave abnormalities or other relevant electrocardiographic features, including Torsades de pointes, were searched for in all individuals ( Table 1) .
Analysis of clinical parameters
Obtained pedigrees were used for the evaluation of sudden cardiac death in first-or second-degree relatives. The clinical history and molecular diagnosis (carrier/non-carrier) were identified from the medical records. The score obtained using the Schwartz criteria (the Schwartz score) was calculated, blinded to the results of molecular genetic testing.
Keating criteria
The predictive power of the criteria proposed by Keating et al. was also analysed. According to these criteria, individuals are affected if they are asymptomatic with QTc . 470 ms, or if they have typical symptoms with QTc 450 ms. 9 
Determination of the predictive power
The predictive power of the diagnostic criteria (Schwartz criteria, Keating criteria, and QTc analysis alone) was expressed as their sensitivity and specificity in predicting mutation carriership.
DNA testing
DNA of probands was extracted from peripheral blood lymphocytes. The polymerase chain reaction technique amplified the genomic DNA, and mutation detection was performed either by direct sequencing or by single-stranded conformational polymorphism or denaturing high-performance liquid chromatography, followed by direct sequencing of fragments with an abnormal elution profile.
Statistical analysis
Schwartz scores are presented as median and IQR; the other continuous data are presented as mean + standard deviation (SD).
Comparisons of categorical or continuous parameters between LQTS carriers and non-carriers were conducted using logistic or linear regression analysis, respectively. For all models, the generalized estimation equations method was used to correct for possible correlations between relatives of the same proband ( Table 2) . In order to investigate the sensitivity of the cut-off selection point and to obtain 95% confidence intervals (CIs) for all sensitivities, specificities, and areas under the receiver operating curves (ROC) reported, 1000 bootstrap samples were created from the original set. As patients were not independent, bootstrap samples were randomly generated from the original data by drawing with replacement 77 probands each. All relatives of these probands were then included in the bootstrap sample, resulting in a mean (+SD) sample size of 513 + 75 relatives. In a similar fashion, the bootstrap samples for the three LQTS mutations were created. The optimal cut-off value was defined as the QTc value with the maximal sum of sensitivity and specificity. All statistical analyses were carried out using SAS (version 9.1, SAS Institute, Cary, NC, USA) and MATLAB w (version 7.2, The MathWorks, Natick, MA, USA). Throughout, P-values less than 0.05 were considered statistically significant.
Results
The demographic variables, average Schwartz score, and ECG characteristics of the LQTS carriers and non-carriers are shown in Table 2 . LQTS carriers had, on average, higher Schwartz scores and longer QTc intervals.
Predictive power of the Schwartz criteria
Among the 208 mutation-carrying relatives, the median Schwartz score was 1.25 (IQR: 2.0) ( Table 2) . A Schwartz score 4 (high probability) was observed in 41 relatives, yielding a 19% sensitivity, a 99% specificity, and an area under the ROC of 0.59 (95% CI: 0.57-0.65). The predictive power of the Schwartz criteria was similar between the LQTS types, with sensitivities of a Schwartz score 4 of 13, 22, and 15% in LQT1, LQT2, and LQT3, respectively, and specificities ranging from 97 to 100% (Table 3) . Given the low sensitivity of the Schwartz criteria among relatives, we also analysed their predictive power among the 99 probands and found the mean Schwartz score to be 3.7 + 1.8, with a Schwartz score 4 in 56 individuals (57%), a Schwartz score 2-3.5 (intermediate probability) in 22, and a Schwartz score 0-1.5 (low probability) in 17. This analysis excluded four probands, in whom the Schwartz score could not be calculated because of their sudden death prior to ECG recording. The diagnosis in these four families was made after screening of first degree relatives.
Predictive power of the Keating criteria
The Keating criteria had a similar diagnostic profile as the Schwartz criteria, with a low sensitivity (36%) and a high specificity (99%) (Table 3; Figure 1 ).
Predictive power of QTc analysis alone
When calculating the Schwartz score, we found that it was mostly determined by the QTc duration. T wave alternans were not found in any relative, whereas specific T wave abnormalities (e.g. notched T waves in three leads) 6, 12 were only present in 14. Torsades de pointes was documented in 33 of the 99 probands, but in none of their 513 relatives. Of note, a history of syncope, although being an important criterion in existing scoring systems, was not specific for unmasking mutation carriers among relatives, as 50 of 87 who had experienced syncope at least once, in the presence or absence of stress, were non-carriers.
Given these observations, we analysed the predictive power of QTc analysis alone by constructing ROC curves. We found that a QTc duration 430 ms (95% CI: 428-434) was the optimal cut-off value to predict mutation carriership, with an area under the curve of 0.788 (95% CI: 0.749-0.825). A QTc duration 430 ms had a 72% sensitivity and an 86% specificity among relatives. The predictive power was similar among the LQTS types, with a sensitivity of 60, 79, and 67% and a specificity of 88, 85, and 81% in LQT1, LQT2, and LQT3, respectively ( Table 3) .
Effects of sex on predictive power of QTc analysis alone
Given the reported sex-related differences in normal QTc duration, 7,11 we analysed whether sex had an effect on the diagnostic power of QTc analysis alone ( Table 4) . We found that the sensitivity/specificity of a cut-off value of 430 ms was 71/91% in males and 73/81% in females. The optimal cut-off value to distinguish carriers from noncarriers was 430 ms (95% CI: 426-440) in males and 437 ms (95% CI: 434-438) in females. In females, a cut-off value of 437 ms had a sensitivity of 70% and a specificity of 90%.
Of note, using the widely accepted upper level of normal QTc intervals of 440 ms for males and 460 ms for females, 47% (males 39% and females 54%) of all mutation carriers had QTc durations within their respective sex-specific normal limits. To account for sex-specific changes in QTc interval during puberty, we also conducted these analyses by excluding children under the age of 15. This analysis did not yield fundamentally different results (see Supplementary material online, Table S1 ).
Discussion
We found that in LQT1, LQT2, and LQT3 families with known causal gene mutations, the widely accepted Schwartz and Keating criteria, although having high specificity, severely under-diagnose disease carriers (sensitivity of 'high probability', according to Schwartz criteria, 19%). Significant under-diagnosis was also found among probands, despite the fact that probands are generally more seriously affected than their relatives. A high probability of LQTS (Schwartz criteria) was found only in 57% of probands with a confirmed molecular diagnosis. If it is accepted that preventive measures and treatments are highly effective in preventing sudden death 5 and identification of disease carriers is therefore crucial, it is clear that the sensitivity, i.e. the ability to identify carriers of the familial mutation, among both probands and relatives, of these diagnostic criteria is unacceptably low. It should be noted that these criteria were defined at a time when no test to make a certain diagnosis of LQTS was available. Instead, these criteria were used as the most reliable method to estimate the probability of LQTS. This circumstance is probably reflected by the excellent specificity of these criteria, as also found here. However, with the present availability of DNA testing for a certain diagnosis of disease carriership, a high specificity is less important. Instead, a high sensitivity is more relevant. We found that a simple diagnostic strategy, consisting only of measurement of QTc duration, is more useful when DNA testing is available to confirm disease carriership. In particular, using QTc ¼ 430 ms as a cut-off value has more useful diagnostic power than the existing clinical criteria to distinguish disease carriers (QTc 430 ms) from non-carriers (QTc , 430 ms), because the sensitivity is far superior (72%). Similarly, we consider the specificity of 86% of this test reasonable, given that definitive proof/disproof of carriership is provided by subsequent DNA testing of the known mutation, which is usually completed fast (less than 4 weeks in our institutions). Although the optimal QTc cut-off value was slightly different for males (430) and females (437), reflecting the observation that QTc values in females were generally longer than those in males, 7 we recommend to use a QTc cut-off value of 430 for both groups, for the sake of practicability and because, in females, sensitivity at cut-off 437 was lower than that at cut-off 430. Our finding that the optimal QTc cut-off value to distinguish carriers from non-carriers is as low as 430 ms, i.e. well within the normal range, may shift existing paradigms in LQTS and spawn revisions in clinical decision-making. Thus, finding a QTc duration in the upper range of normal in a relative of an LQTS proband should not provide the false reassurance that this individual will not carry LQTS (Figure 2 ). Previous studies also indicated reduced penetrance in LQTS (i.e. normal QTc values in mutation carriers). However, these studies included significantly fewer patients (n ¼ 199 13 and n ¼ 46 14 ) and/or did not systematically analyse the diagnostic power of existing diagnostic criteria. For instance, analysis of specific ECG abnormalities, according to the Schwartz criteria, was not performed. [13] [14] [15] These observations clearly impart added importance to molecular genetic investigation, as DNA testing should be ordered in relatives of an LQTS proband, even if their QTc lie within the normal range. At the same time, these observations provide strong justification for the current design of specialized Cardiogenetics Clinics, where ECG analysis is provided along with DNA testing and genetic counselling. 16 Clearly, results of DNA testing must be quickly available, particularly in patients with a QTc duration in the upper range of normal, to allow for decisionmaking regarding treatment and to minimize the time spent in suspense and potential psychological distress by the patients.
Study limitations
Our analyses of the predictive power of analysis of ECGs with or without clinical parameters to identify LQTS carriership require that causal mutations are identified in the investigated families, because they are used as gold standards. We cannot be sure that our analyses also apply to those families where causal mutations have not been detected. However, there is no reason to assume that these analyses should turn out substantially different in these families. The general applicability of our findings is further supported by the fact that causal mutations are found in the majority of the LQTS families. 17, 18 Similarly, although, in accordance with our study design, our analyses were restricted to LQT1, LQT2, and LQT3, we believe that this is not a severe restriction in clinical practice, as these LQT types constitute the vast majority of all genotyped LQTS cases (85%). 4 Conversely, we chose to exclude children below the age of 10 years, because it is not resolved which method of QT correction (for heart rate) is most accurate in this age group. 10, 11 Therefore, it is unknown whether our findings are applicable to children.
Conclusion
Existing clinical diagnostic criteria for LQTS, including the broadly accepted Schwartz and Keating criteria, have excellent specificity, but very low sensitivity in identifying disease carriers, particularly in relatives of genotyped individuals. Measurement of QTc duration alone is superior to the Schwartz and Keating criteria when DNA testing is available for the confirmation of disease carriership, as it has far better sensitivity while retaining reasonable specificity. Using this method, the optimal cut-off value to distinguish carriers from non-carriers lies within the normal range at QTc ¼ 430 ms.
Supplementary material
Supplementary material is available at European Heart Journal online.
